The three-dimensional responses of a cyclonic ocean eddy (COE) for 1-2 months following a typhoon were investigated using altimeter data and numerical experiments. Two significant features were found: 1) the cyclonic eddy was enhanced, and the three-dimensional structure was changed, and 2) the cyclonic eddy underwent two processes: elliptical deformation and reaxisymmetrization in the horizontal plane. These two features are generally associated with typhoon-induced upwelling and the dynamic processes of eddy adjustment. These results imply that the local ocean processes can be affected by a typhoon through low-frequency response.
Introduction
The oceanic response to a typhoon or hurricane is an important topic in the oceanographic community. Because of the ubiquitous mesoscale processes in the upper ocean, the interaction between typhoons and mesoscale oceanic features such as cyclonic ocean eddies (COEs) has attracted considerable attention (e.g., Jaimes et al. 2011; Sun et al. 2014; Walker et al. 2005; Zheng et al. 2008 Zheng et al. , 2010 . COEs can enhance typhoon-induced surface cooling (e.g., Walker et al. 2005; Zheng et al. 2008) through the combined effects of upwelling, wind mixing, and the enhancement of shear-driven mixing at the base of mixed layer (Jaimes et al. 2011) . Furthermore, the increased surface cooling due to the preexistence of a COE can weaken the intensity of a typhoon through a negative feedback mechanism (Chang and Anthes 1978; Black and Holland 1995; Schade and Emanuel 1999) .
Although the lifetime of an eddy is usually longer than that of a typhoon, COEs themselves can be altered by typhoons. Sun et al. (2014) illustrated the effects of supertyphoons on the strength, spatial area, and kinetic energy of COEs. Shang et al. (2015) compared the eddy kinetic energy and available gravitational potential energy of COEs before and after typhoons and found that the energy of a COE can be increased by a slow-moving typhoon. Some observations have found the long-lived biophysical response in COEs by remote sensing and using Argo floats (Sun et al. 2010 (Sun et al. , 2012 Walker et al. 2014) ; however, the dynamic processes need to be investigated further by numerical model. Eddy structure is important for ocean chlorophyll (Chelton et al. 2011 ), biogeochemistry (Benitez-Nelson et al. 2007 , and some physical process such as eddy stirring (Legal et al. 2007 ), but few studies emphasize the evolution of eddy structure after a typhoon. The principal aim of this study was to resolve the three-dimensional evolution of a COE after perturbation by a typhoon using altimeter data and numerical experiments.
Data, models, and methods
The daily altimetry-based sea surface height anomaly (SSHA) products, that is, TOPEX/ERS merged data from Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO), were used to analyze the development of the COE. Potential vorticity anomaly (PVA) was used to analyze the evolution of the COE spatial structure. Potential vorticity (PV) is defined as
where z is the relative vorticity, f is planetary vorticity, and r is seawater density. PVA is represented as
where q 0 is the initial PV of the COE before the typhoon arrived. Both PVA and PV are equally conservative, but the zero PVA contour is a more convenient tool for identifying the eddy core than PV contour. Using the Hybrid Coordinate Ocean Model (HYCOM; Bleck 2002), a flat-bottom ocean on the f or b plane was customized to investigate the effect of a typhoon on the COE. The depth of the model ocean was set to be 4000 m, with a vertical resolution of 30 layers. The thickness of the first layer was set at 10 m, and the thickness of the other layers increased geometrically with depth. The initial stratification was obtained from the World Ocean Atlas 2009 (WOA09) seasonal-mean temperature-salinity (T-S) data. The initial T-S field was horizontally uniform in the model domain. To idealize our experiment, we used the mesoscale eddy model derived from Zhang et al. (2013) . We placed the origin at the center of the COE with x, y, and z pointing eastward, westward, and upward, respectively. The day when the COE encountered the typhoon was set as t 5 0. To prevent the reflected waves from interacting with the COE, the horizontal model domain (23000, 2500 km) 3 (22200, 2200 km) was divided into an inner zone covering (21000, 2500 km) 3 (2700, 700 km) with a 10 km 3 10 km resolution and an outer zone with variable grids. The model ocean was forced only by a wind stress field from the daily QuikSCAT wind data for Typhoon Lupit taken on 28 November 2003. The track and the moving speed of Typhoon Lupit are from the ''best-track'' data supplied by Japan Meteorological Agency (JMA). The 30-day spinup of the mesoscale eddy model was executed with no initial forcing in the ocean model. The model typhoon was initially placed away from the COE and moved from east to west.
Results

a. Evolution of a COE after perturbation by a typhoon
A COE located at 16.58N, 1328E encountered Typhoon Lupit on 28 November 2003 in the western Pacific Ocean. Altimetry observation showed the evolution of a COE in response to Typhoon Lupit (Fig. 1a) , and two robust features were found. First, the COE was enhanced and enlarged by Typhoon Lupit; 30 days after Lupit passed by the COE, the eddy amplitude and radius increased to a maximum of 11 cm and 50 km (Fig. 1a4) , respectively. Second, the eddy deformed from a circle to an ellipse with a major axis that aligned with the track (Fig. 1a3 ) and then readjusted to be circular once again (Fig. 1a4) . The first and second processes are defined as elliptical deformation and reaxisymmetrization, which are caused by horizontal current shear or strain and dynamic adjustments in decaying geostrophic turbulence, respectively (Carton 2001) . The initial diameter of the circular eddy was approximately 220 km at t 5 27 days ( Fig. 1a1) , and the major and minor axes of the elliptical eddy were approximately 355 and 138 km, respectively, at t 5 10 days (Fig. 1a3) . Once the reaxisymmetrization finished, the COE reached a new quasi-steady state with a diameter of 308 km at t 5 28 days.
The model simulation repeated the two features observed from the altimeter data (Fig. 1b) . The cyclonic eddy was strengthened with a maximum increase in the eddy amplitude and radius of approximately 13 cm and 50 km, respectively. The eddy also underwent elliptical deformation and reaxisymmetrization processes. The initial diameter of the circular eddy was approximately 220 km at t 5 27 days, and the length of major and minor axes of the elliptical eddy were approximately 279 and 151 km, respectively, at t 5 10 days. After the reaxisymmetrization, the eddy diameter on the b plane was 314 km at t 5 27 days. In general, the two features in the simulation were quite similar to the observations. Additionally, the numerical results indicated that the elliptical eddy rotated anticlockwise during the posttyphoon adjustment (more subfigures are omitted). The eddy moves northwestward in both the altimetry and simulated SSHA field owing to the b effect and nonlinear self-advection (Smith and O'Brien 1983) . Figure 2 illustrates the variation in the three-dimensional eddy structure, including the temporal evolution of temperature transitions along and across the track. Initially, the temperature anomaly (TA) of the COE was axisymmetric with a maximum value of 21.08C in the thermocline layer (Figs. 2a1, 2b1) ; 10 days after the typhoon passed, the maximum TA in the COE reached 22.88C, approximately 3 times the initial value (21.08C). The thermocline temperature clearly demonstrated nonaxisymmetry because, despite a similar temperature reduction, the width across the track was smaller than that along the track (Figs. 2a2, 2b2, 2c1, 2c2) . This implied the nonaxisymmetry of the isopycnal lifting and the elliptical deformation of the horizontal eddy shape. Note that the near-inertial wavelength is 434 km, according to the linear theory (Geisler 1970 ). The COE still had a 22.88C temperature anomaly and was once again circular in shape 30 days after the typhoon passed (Figs. 2a3, 2b3, 2c1, 2c2 ).
The temperature variability at 100 m, both across and along the track, is illustrated in Fig. 2c . In the first couple of days, the isothermal lines shrank across the track but expanded along the track, which is an indirect indication of elliptical deformation. Then, the isothermal line expanded across the track and shrunk along the track after t 5 2 days. The temporal evolution in Fig. 2c also demonstrated that the low temperature near the vortex center remained relatively unchanged for a long period of time after the typhoon caused the cooling of the thermocline layer to decline. The temperature response to the typhoon agreed with the behavior of the SSHA in Fig. 1 . The reaxisymmetrization initially overshot the target at approximately 20 days and the COE reached a new balance at day 30 through a weak reverse adjustment (Fig. 2c) , demonstrating the anticlockwise rotation of the elliptical eddy.
b. Dynamic processes of the COE after a typhoon perturbation
The eddy enhancement was likely due to the lowfrequency component of typhoon-induced upwelling (Geisler 1970; Price 1983) , which is different from the near-inertial pumping (Greatbatch 1984) and the influence of preexisting geostrophic vorticity (Jaimes and Shay 2009, 2015) . This hypothesis was supported by the relationship between the eddy evolution and upwelling, shown in Fig. 3 . The SSHA decreased shortly after the typhoon passed and then remained unchanged for some time. The SSHA variation due to the typhoon was also apparent in the time series of the simulated thermocline depths (Dh d20 , where h is the depth of isopycnal). Both the SSHA and Dh d20 suggest that the cyclonic eddy was indeed enhanced by the typhoon. We applied a Green function method, as described in Geisler (1970) , with the wind stress profile to estimate the typhoon-induced upwelling. The most consistent period of low-frequency upwelling had a similar temporal evolution as the SSHA and the Dh d20 , suggesting that the low-frequency response enhanced the eddy (Fig. 3) . The raised isopycnals that resulted from the theory were slightly stronger than the numerical model output because the theory neglects higher-mode response and mixed layer parameterization (Chang and Anthes 1978) . It should be noted that the near-inertial internal wave did not propagate vertically   FIG. 2 . The temperature distribution of the COE in the model output on the f plane. The contours denote the temperature anomalies (temperature fields subtracted from the climatological data) for (a) cross-track and (b) along-track sections. The color bars in (a) and (b) represent the temperature changes (temperature fields subtracted from the initial fields) induced by the typhoon for cross-track and along-track sections, respectively. The three columns in (a) and (b) represent the results at t 5 27, 10, and 30 days, respectively. The temporal-spatial evolution of the temperature changes in (c1) cross-track and (c2) along-track directions at a depth of 100 m. The dash lines at x 5 6100 km and y 5 6100 km help to visualize the symmetry.
in a linear two-layer ocean and the near-inertial amplitude of Dh Green decayed very slowly. In the real ocean, the amplitude would vanish after 7-8 inertial periods (Shay and Elsberry 1987; Jaimes and Shay 2010) .
The deformation of the COE shape included two processes: from a circular to an elliptical shape and from an elliptical to a circular shape. The elliptical deformation of the initial circular eddy was related to the horizontal pattern of the low-frequency, typhoongenerated isopycnal lifting, which look like a ridge along the track (Geisler 1970) . Along the track, the upwelling was consistently strong. Across the typhoon track, the upwelling was e-folding and decreased from the center of the COE with the length scale of the first baroclinic deformation radius. Thus, the horizontal pattern of upwelling across and along the track caused the circular eddy to become an elliptical one. The eddy diameter was enlarged along the track but decreased across the track. In other words, the major and minor axes of the ellipse were along and across the track, respectively. As a hyperbolic-type response, a fastmoving typhoon will diminish the strength of lowfrequency response and reduce the ellipticity of COE (Geisler 1970) . It is of note that the elliptical deformation of the COE is caused by vertical motion rather than the horizontal currents mentioned in Carton (2001) .
Why does the elliptical eddy readjust to a circular shape after elliptical deformation? The process is similar to the axisymmetrization of the vertically tilted geostrophic vortex presented in Viera (1995) . After the typhoon leaves, the flow surrounding the eddy forms a decaying turbulence system. The axisymmetric shape of an eddy can prevent potential enstrophy (i.e., PV variance) from cascading to dissipation scales and causing the death of vortices, while coherent vortices with local potential vorticity concentrations are long lived (McWilliams 1984) . Thus, both the axisymmetrization and the vertical interaction, termed the vortex axis alignment, play an important role in the eddy evolution after the typhoon FIG. 3 . The variation of the raised isopycnals and SSHA in the f-plane model output at the initial eddy center. The quantity Dh d20 is the raised 208C isotherm as estimated from the model output. The value of Dh Green was calculated with the Green function method in a two-layer linear model (Geisler 1970) . The low-frequency component of Dh Green was obtained by filtering the near-inertial internal waves. The D denotes the difference after and before the typhoon. Their initial values are calculated at a fixed time before the typhoon.
passes. Figure 4 shows the PVA fields on two isopycnals, s 5 24 and 26.7, diagnosed from the numerical output on the f plane, that were used to illustrate the eddy evolution in the thermocline layer and below thermocline layer (approximately 120 and 500 m). The typhoon injected a large amount of PV into the thermocline and concentrated more PV around the COE by input of relative vorticity (Fig. 4a2) . Closed contours in the PVA field demonstrate the eddy distortion in the horizontal direction. The vortex in the thermocline rotated anticlockwise, spiraled into the original center, and became involved in some PV around the eddy. The PVA experienced a slight decay in the thermocline because the eddy entrains low PVA into the circle domain by stretching the water column and the corresponding PVA deficit feed to the surface layer. The area within the outermost closed contour increased until the eddy shape was once again a circle (Figs. 4a3,a4,a5) . Additionally, the typhoon indirectly affected the eddy below the thermocline because there was no significant ). The five columns illustrate the results at t 5 27, 2, 10, 30, and 50 days, respectively. The pink line delineates the outermost closed contour of the PVA field. Note that the positive PVA field enclosed by the pink contour represents the core of the COE. deformation (Fig. 4b2) . There was also a time lag between the rotation of the ellipse below the thermocline and the rotation within the thermocline itself (Fig. 4b3) . Thus, there exists the pressure coupling between and below the thermocline, and the vortex shape below the thermocline readjusted to a circle to stop the potential enstrophy cascade. Because an elliptical vortex causes a potential enstrophy cascade into a smaller scale and dissipates its PV, the area within the outermost closed contour decreases (Fig. 4b5) . In general, the evolution of the PVA demonstrated that the eddy grew in the thermocline and shrunk below the thermocline because of the typhoon, indicating that the typhoon affected the three-dimensional structure of the COE.
Vertical-integrated PVA and relative vorticity over the eddy depth is shown in Figs. 4c and 4d . Notably, the typhoon leads to the falloff of total PV in COE (Fig. 4c) , while the typhoon injects relative vorticity into the COE to promote PV (Fig. 4d) . The upwelling shown in Fig. 3 gives rise to the decay of total PV. The decrease of total PV indicates that the influence of upwelling is larger than that of relative vorticity for COE.
Conclusions
Both the SSHA and temperature field revealed that a typhoon can affect a COE by increasing its intensity and area and altering its 3D structure. The typhoon affected the COE by first causing an elliptical deformation and then an enhancement. The elliptic eddy gradually experienced reaxisymmetrization. The area of the COE within the thermocline increased, while the area below the thermocline decreased. These changes in the COE were due to the magnitude and horizontal pattern of upwelling and the dynamic processes of eddy adjustment.
This study demonstrates some new insights into the temporal and spatial evolution of a COE affected by external forces through some ideal experiments. The low-frequency response of the eddy to typhoon suggests that such a response may be important for local ocean dynamics. However, the other eddy type (anticyclonic), size, and strength were not accounted for this study. Further study is still need to explore the relationship between eddy structure and typhoon.
